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This paper p re sen t s  propel lan t  s lo sh ing  problems and t h e i r  

s o l u t i o n s  encountered i n  t h e  development of t he  Saturn space v e h i c l e  
w i t h  c l u s t e r e d  tanks.  A t t en t ion  is given t o  the  r egu la r  s lo sh ing ,  
i t s  d e s c r i p t i o n  by an equiva len t  mechanical model, l abora tory  model 
tes ts  i n  which the  e f f e c t i v e n e s s  of b a f f l e  wid th ,  l o c a t i o n ,  and 
geometry can be determined, and t o  the  v o r t e x  problem of emptying 
con ta ine r s .  The in te rconnec t ion  of c l u s t e r e d  tanks complicates  the  
problem by present ing  a new U-tube mode. 
the  p rope l l an t  i n  the  tanks should have proper damping, the  va lue  of 
which can be determined by s t a b i l i t y  boundaries.  The o v e r - a l l  s t a b i l i t y ,  
w i t h  the  inc lus ion  of p rope l l an t  s lo sh ing ,  e l a s t i c  e f f e c t s  o f  t he  
s t r u c t u r e ,  and the  con t ro l  system has a l s o  been inves t iga t ed .  This  
r e p o r t  a l s o  compares t es t  f l i g h t  r e s u l t s  of SA-1 w i th  these  prev ious ly  
obta ined  t h e o r e t i c a l  r e s u l t s .  

To insure  v e h i c l e  s t a b i l i t y ,  

To improve s losh ing  s t a b i l i t y  a t  t h e  end of t h e  powered f l i g h t  of 
f u t u r e  Sa turn  Vehicles ,  a s e t  of accordion b a f f l e s  w i l l  be included f o r  
a l l  remaining Block I Vehicles .  These b a f f l e s  w i l l  cover t h e  last  t h r e e  
s t i f f e n e r  r i n g s  i n  t h e  Lox and f u e l  tanks .  
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PROPELLANT SLOSHING PROBLEMS OF SATURN TEST FLIGHT SA-1 ( U )  

By Helmut F. Bauer 

SECTION I. (U) SUMMARY 

This paper p re sen t s  p rope i i an t  s lo sh ing  prubleiiis aiid t h e i r  
s o l u t i o n s  encountered i n  the  development of the  Sa turn  space v e h i c l e  
w i th  c l u s t e r e d  tanks.  A t t en t ion  is  given t o  the  r e g u l a r  s lo sh ing ,  i t s  
d e s c r i p t i o n  by an equiva len t  mechanical model, l abo ra to ry  model t e s t s  
i n  which the e f f e c t i v e n e s s  of b a f f l e  wid th ,  l o c a t i o n ,  and geometry 
can be determined, and t o  the  vo r t ex  problem of emptying con ta ine r s .  
The in t e rconnec t ion  of c l u s t e r e d  tanks complicates the  problem by 
p resen t ing  a new U-tube mode. To insure  v e h i c l e  s t a b i l i t y ,  t h e  
p r o p e l l a n t  i n  the  tanks should have proper damping, t he  va lue  of which 
can be determined by s t a b i l i t y  boundaries.  The o v e r - a l l  s t a b i l i t y  
w i t h  the  inc lus ion  of p rope l l an t  s losh ing ,  e l a s t i c  e f f e c t s  of t he  
s t r u c t u r e ,  and the  c o n t r o l  system has a l s o  been inves t iga t ed .  This 
r e p o r t  a l s o  compares t es t  f l i g h t  r e s u l t s  of SA-1 w i t h  these  prev ious ly  
obta ined  t h e o r e t i c a l  r e su l t s .  

SECTION 11. (U) INTRODUCTION 

Liquid i n  a p a r t i a l l y - f i l l e d  conta iner  has a s t rong  tendency t o  
"slosh" about ,  even under the  s l i g h t e s t  d i s turbance .  
i n  t h e  tanks of a space v e h i c l e  w i l l  s e r i o u s l y  a f f e c t  t he  performance 
and s t a b i l i t y  of t h e  v e h i c l e ,  sometimes causing complete f a i l u r e .  That 
t h e  inf luence  of p rope l l an t  s losh ing  upon s t a b i l i t y  i s  an acu te  problem 
i s  obvious,  s i n c e ,  f o r  most veh ic l e s  a t  launch, more than 90 percent  
of  t h e  t o t a l  weight i s  represented  by l i q u i d  p rope l l an t s .  Now, i f  the 
n a t u r a l  f requencies  of the  propel lan t  i n  the  tanks are c l o s e  t o  the  
c o n t r o l  frequency, o r  t o  t h e  lower modes of e l a s t i c  v i b r a t i o n ,  say the  
fundamentai body-bending ;-ilode (jr t o  t h e  n a t u r r l  f r e q ~ e ~ c y  nf a c n n t r o l  
s e n s o r ,  then the  problem becomes extremely involved. It i s  f o r  t h i s  
r eason  t h a t ,  f o r  a r e a l i s t i c  dynamic s t a b i l i t y  and c o n t r o l  a n a l y s i s ,  
t h e  e f f e c t  of the o s c i l l a t i n g  p rope l l an t  has t o  be considered.  

P rope l l an t  s lo sh ing  

The purposes of t h i s  s tudy were t o  f ind  s o l u t i o n s  t o  problems of 
p r o p e l l a n t  s lo sh ing  i n  space veh ic l e s  of the  c lus t e red - t ank  v a r i e t y  and 
t o  determine the  amount of tank b a f f l i n g  necessary t o  insure  v e h i c l e  



s t a b i l i t y .  
d i scussed  wi th  r e s p e c t  t o  the  Sa turn  v e h i c l e .  (FIG. 1) 

Some o f  t h e  problems p e c u l i a r  t o  l i q u i d  p r o p e l l a n t s  a r e  

FIGURE 1. (U) SATURN SA-1 AND BOOSTER TANK ARRANGEMENT 

A c l u s t e r  of a J u p i t e r  tank  w i t h  e i g h t  Redstone tanks  was s e l e c t e d  
f o r  the  Sa turn  v e h i c l e .  This approach allowed use of t he  e x i s t i n g  t o o l s  
and experience and reduced t h e  c o s t  and development t i m e .  
t o  be b e n e f i c i a l  from the  s t andpo in t  of t he  in f luence  of p r o p e l l a n t  
s lo sh ing  upon s t a b i l i t y .  

It a l s o  proved 

The inf luence  of these  p r o p e l l a n t  o s c i l l a t i o n s  depends on t h e  
amount of o s c i l l a t i n g  p r o p e l l a n t ,  as w e l l  a s  t h e  kind of c o n t r o l  system 
involved, and i t s  ga in  va lues .  

The e f f e c t  of t h e  e las t ic  s t r u c t u r e  upon p r o p e l l a n t  s l o s h i n g  is  
a l s o  becoming more pronounced s i n c e  a long v e h i c l e  t h e  s i z e  of t h e  
Sa turn  e x h i b i t s  much lower bending f r equenc ie s  than  those  encountered 
i n  previous m i s s i l e s ,  



S E C T I O N  111. (C) D I S C U S S I O N  

A. (U) THEORY. 

The mathematical theory  of  t h e  l i q u i d  o s c i l l a t i o n  i n  a 
c y l i n d r i c a l  con ta ine r  which i s  b a s e d  on a l i n e a r i z e d  p o t e n t i a l  theory  
t r e a t i n g  t h e  p r o p e l l a n t  as incompressible, i r r o t a t i o n a l  and nonviscous 
(Ref. 12) .  The Eigen va lues  obtained from t h e  f r e e  o s c i l l a t i o n  a n a l y s i s  
are: 

n = 0,1,2 ,.... 

where cn is  a r o o t  of J' (E)  = 0 and has  t h e  values: 
1 

= 1.84 
€0 

E = 5 . 3 3  
1 

E = 8. 53. 
3 

The n a t u r a l  frequency of t h e  p rope l l an t  i s  therefore :  

= Lfi E tanh (E - h ) .  
f n  25r n n a  

It can be seen from t h i s  frequency equat ion  t h a t  t h e  n a t u r a l  
frequency o f  t h e  p r o p e l l a n t  increases  wi th  t h e  square  r o o t  of t h e  
l o n g i t u d i n a l  acce le ra t ion ,  g, and i s  i n d i r e c t l y  p ropor t iona l  t o  t h e  
squa re  r o o t  of t h e  tank diameter. For cons tan t  tank  dimensions and 
l o n g i t u d i n a l  acce le ra t ion ,  most of t h e  change i n  frequency occurs  f o r  
sha l low p r o p e l l a n t  depths, i. e. , for  a f l u i d  h e i g h t  of less than one 
tank  diameter f o r  t h e  f i r s t  mode and even l e s s  f o r  h igher  modes. Due 
t o  inc reas ing  l o n g i t u d i n a l  acce le ra t ion ,  t h e  n a t u r a l  frequency of t h e  
p r o p e l l a n t  versus  f l i g h t  t i m e  i nc reases  (FIG. 2). Only s h o r t l y  be fo re  
burn-out does t h e  in f luence  of f l u i d  he igh t  overcome t h e  inr'iueirce of  
t h e  acce le ra t ion ,  g, and decrease  t h e  frequency again. 
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FIGURE 2.  (U) NATURAL FREQUENCIES FOR CIRCULAR CYLINDRICAL CONTAINER 

It can be  seen t h a t  t he  n a t u r a l  frequency i n  the  c e n t e r  tank 
(105-inch diameter tank)  ranges versus  f l i g h t  t i m e  from 0.70 cps t o  
1.14 cps ,  while t h a t  of the  ou te r  tanks(70-inch diameter tanks)  
i nc reases  from 0.86 cps a t  l i f t - o f f  t o  a maximum of 1.41 cps.  FIGURE 3 

IILPmncIIs 

l t  i 

-ATTACK 

0 20 40 60 80 100 120 
TllQ 

FIGURE 3 .  (U) FREQUENCY SPECTRUM OF SATURN 
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e x h i b i t s  t h e  frequency spectrum. The c o n t r o l  frequency is  about 0.3 cps 
and i s  not  i nd ica t ed  i n  the  f i g u r e .  Noted wi th  B - 1 ,  B-2 ,  and B-3 are 
the  bending f requencies  of t h e  f i r s t ,  second, and t h i r d  bending mode, 
while  T-1  r e p r e s e n t s  t h e  frequency of t he  f i r s t  t o r s i o n a l  mode. 
Accelerometer frequency, represented by ACC.,  was not  used i n  the  SA-1 
f l i g h t .  

The flow f i e l d  of t he  l i q u i d  with f r e e  f l u i d  su r face  i n  a 
c y l i n d r i c a l  tank wi th  a c i r c u l a r  c ross  s e c t i o n  and a f l a t  tank bottom, 
due t o  forced o s c i l l a t i o n  of t he  tank, can be obtained as a s o l u t i o n  
of  t he  Laplace equat ion  and the  appropr ia te  1 inea r  ized boundary 
condi t ions .  The r e s u l t ,  however, e x h i b i t s  s i n g u l a r i t i e s  a t  the  
resonance of t he  l i q u i d .  FIGURE 4 shows the  magni f ica t ion  f a c t o r  of 
che f o r c e  oi iiie l i q u i d  iii z circular cyIi iAcr  f o r  trsn~lati~n S ~ C !  
r o t a t i o n a l  e x c i t a t i o n s .  
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FIGURE 4 .  (U) MAGNIFICATION FACTOR OF THE LIQUID FORCE I N  A 
CIRCULAR CYLINDRICAL TANK (UNDAMPED) 
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The theory does not  y i e l d  the  answer of t he  l i q u i d  motions f o r  
l a r g e  amplitudes which occur near o r  a t  resonance. But the  r e a c t i o n  
of  t he  p rope l l an t  near resonance has t h e r e  the c r i t i c a l  in f luence  
upon s t a b i l i t y .  Furthermore, i t  does not g ive  an answer f o r  the 
i n c l u s i o n  of mechanical suppression dev ices ,  o r  b a f f l e s ,  of one type 
o r  another .  These b a f f l e s ,  o r  a t  l e a s t  s t i f f e n e r  r i n g s ,  are almost 
u n i v e r s a l l y  used i n  the  l i q u i d  p rope l l an t  tanks of missiles. Thus, t he  
magnitude of fo rces  and torques  from the  l i q u i d  upon the  v e h i c l e  i s  
reduced. This means t h a t ,  due t o  the  complexity of t he  f l u i d  flow 
behavior ,  a mathematical t reatment  is  impossible;  t h e r e f o r e ,  recourse  
must be made t o  p o t e n t i a l  theory wi th  smooth tank wal l s  and experimental  
i nves t iga t ions .  From these ,  the  response of t he  l i q u i d  caused by 
forced e x c i t a t i o n  can be obtained;  t h e r e f o r e ,  damping can be determined. 
Since the forced-damped f l u i d  o s c i l l a t i o n s  r e t a i n  t h e i r  amplitude - i .e. , 
they a r e  per iodic  o s c i l l a t i o n s  wi th  some nonl inear  damping - a method 
of approximating the  damping of the  motion can be employed by 
equiva len t  l i n e a r  damping the  va lue  of which w i l l  be obta ined  by 
experiments (FIG. 5 ) .  

in t roducing  

F I X 0  

180,000 E] 

[ 170,000 

160,000 
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120,000 

110,000 

1w,ooo 
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80,000 - 
70,000 . 
60,000 

50,000 

*o.ooo - 
30,000 - 
20,000 - 
10.000 - 

o.02i 
FORCE ON THE TANK WALL V S  FREQUENCY 

FOR VARIOUS DAMPING FACTORS 7 . 
TA” (en-1 k) 

2 - &?@‘ 1 + 2 1 

w 2  wn- 1 n-1 1 + 2iYn--J- -- YO 

F L U I D  HEIGHT h = 1 . 3 7  
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0 1 2 3 4 5 6 7 8 9 10 11 12 w 

FIGURE 5 .  (U) MAGNIFICATION FACTOR OF THE L I Q U I D  FORCE I N  A 
CIRCULAR CYLINDRICAL TANK (DAMPED) 
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B. (U) MECHANICAL MODEL. 

A mechanical model c o n s i s t i n g  of masses and spr ings  o r  pendulums 
desc r ibes  the  motion of t he  l i q u i d  and a i d s  the  in t roduc t ion  of l i n e a r -  
equ iva len t  damping i n t o  the  f l u i d  dynamics r e s u l t s .  Each s losh ing  mode 
i s  represented  by a mechanical one-degree-of-freedom system i n  the  form 
of a l i n e a r  mass-spring system (FIG, 6 ) .  

COORDINATES AND MODEL 

2 

t Y 

I,, I I,, I 

WITHOUT DAMPING WITH DAMPING 

FIGURE 6 .  (U)  MECHANICAL MODEL 

Once the  damping is introduced, the  family of t h e o r e t i c a l  response 
curves  can be compared wi th  the measured va lues  f o r  va r ious  damping 
dev ices ;  a damping f a c t o r  can thus be obtained (Ref. 3 ) .  

The mechanical model c o n s i s t s  of a f ixed  mass, % , w i t h  a moment of 
i n e r t i a ,  IO, which r e p r e s e n t s  t he  pa r t  of t he  l i q u i d  t h a t  does not  perform 
any s losh ing  motion, 
mn, f o r  each mode, which a r e  a t tached wi th  sp r ings ,  kn,  t o  the  tank wa l l ,  

It furthermore c o n s i s t s  of t he  s lo sh ing  masses, 

The l o c a t i o n s  of these  masses from the  o r i g i n  are noted by hn and 
The s p r i n g  cons t an t s  are chosen so t h a t  the  r a t i o  wi th  the  s lo sh ing  ho. 



8 

mass r e p r e s e n t s  t h e  square of t he  n a t u r a l  c i rcu lar  frequency: 

k 

m 
n = wz.  

n 
( 3 )  

A t  t h e  cen te r  of g r a v i t y  of t h e  undisturbed l i q u i d ,  a massless d i s c  i s  
f r i c t i o n l e s s l y  a t t ached  and is  connected wi th  a dashpot t o  t h e  tank 
bottom. The d i s c  has the  purpose of t ak ing  i n t o  account t h a t  no t  a l l  
t he  l i q u i d  is p a r t i c i p a t i n g  i n  t h e  p i t c h i n g  motion of t he  tank. Tank 
geometry, v i s c o s i t y ,  and t h e  amount of b a f f l e s  i n  the  tank determine 
the  damping c o e f f i c i e n t ,  co ,  and t h e  moment of i n e r t i a ,  11, of the  d i s c .  
For p o t e n t i a l  flow, I1 can be obta ined  a n a l y t i c a l l y  and is  

= ' r ig id  -'liquid ( 4 )  

where I l i q u i d  i s  the  moment of i n e r t i a  of t h e  l i q u i d  w i t h  s l o s h i n g  
completely suppressed ( l i d  on s u r f a c e ) .  

Here the  f i r s t  two terms r e p r e s e n t  t he  moment of i n e r t i a  of  the  l i q u i d  
i f  i t  were considered r i g i d .  

These va lues  a r e  s u b s t i t u t e d  f o r  the  l i q u i d  mass, m. The 
mechanical va lues  mo and mn a r e :  

M 

m = m  + r m .  n .!A 0 

n= 1 

Comparing the r e s u l t s  of t h e  a n a l y s i s  of t h e  i d e a l  l i q u i d  w i t h  those  
o f  t h e  mechanical model f i n a l l y  p r e s e n t s  t h e  va lues  of t h e  s l o s h i n g  
masses, mn,  t h e i r  d i s t a n c e s ,  hn, and t h e  v a l u e s  mo,  Io, h,, e t c .  It 
i s  

2 tanh ( E ,) 

(E ") (E.. - 1) n a  

(5) 
- -I - m h2 -1. h2 n > Io - ' r i g i d  o o n n  

n a  m = m  

n= 1 



W 

( 6 )  h = h  [ 1 - -  ~h tanh (2 & )  ] (Ref. 4 ) ,  ho =A 1 mn hn' 
m.  o n=l  n -  2 a  n 2  

a 
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FIGURE 7 .  (U) SLOSHING MASS VERSUS F L U I D  HEIGHT RATIO 

It can be seen  t h a t  t e abso lu te  va lue  o f  the  s lo sh ing  mass i s  tk 
Pl same as long as t h e  r a t i o  3 2 .  The f i r s t  mode c o n t r i b u t e s  t h e  main 

p a r t  t o  t h e  s lo sh ing  mass, whi le  the second mode is  below 3 percent  of 
t h e  f i r s t  i n  a c i r c u l a r  c y l i n d r i c a l  t ank ,  t hus  i n d i c a t i n g  t h a t  on ly  the  
e f f e c t  of t he  f i r s t  mode need be considered i n  a s t a b i l i t y  a n a l y s i s .  
The r a t i o  of s lo sh ing  mass t o  t o t a l  l i q u i d  mass inc reases  g r e a t l y  w i t h  
dec reas ing  f l u i d  h e i g h t ,  i n d i c a t i n g  t h a t  f o r  s h o r t  con ta ine r s  a l a r g e  
percentage  of t he  l i q u i d  i n  the  tank i s  s losh ing .  This i s  q u i t e  
important f o r  t he  des ign  of  the  p r e s s u r i z a t i o n  equipment. I f  a l a r g e  
mass r a t i o  p a r t i c i p a t e s  i n  the  p rope l l an t  motion, a mixing of co ld  
l e y e r s  v i t h  warm l i q u i d  l a y e r s  occurs ,  thus  cool ing  and condensing t h e  
p r e s s u r i z a t i o n  gas ,  r e s u l t i n g  i n  pressure  l o s s .  It i s  f o r  t h i s  reason  
a l s o  t h a t  p r o p e l l a n t  s lo sh ing  should be suppressed ( F I G .  8) .  

Of course ,  as can be imagined, p r e s s u r i z a t i o n  can b e s t  be handled 
i f  there i s  no d i s tu rbance  element ( b a f f l e )  a t  a l l  i n  the  tank. This ,  
however, ho lds  only  as long as the  e x c i t i n g  frequency i s  not too  c l o s e  
t o  the resonance frequency of t he  l i q u i d  because then the p r o p e l l a n t  is 
j u s t  s l i p p i n g  up and down the  tank w a l l .  Unfor tuna te ly ,  t h e  f o r c e s  and 
moments exe r t ed  by t h e  p r o p e l l a n t  can be such t h a t ,  from the  dynamic 
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FIGURE 8. (U) SLOSH MASS RATIO VERSUS FLUID HEIGHT RATIO 

s t andpo in t ,  b a f f l e s  have t o  be introduced t o  decrease  the  e f f e c t  of t h e  
p rope l l an t  motions upon the  s t a b i l i t y .  
s i t u a t i o n  with r e spec t  t o  p r e s s u r i z a t i o n ,  s i n c e  they d i s t u r b  the  flow 
f i e l d  and c r e a t e  turbulence ,  which means a mixing of co ld  and w a r m  
l a y e r s  of  the cryogenics ,  Near resonance, however, the  b a f f l e s  u sua l ly  
suppress  excessive spray ,  thus  making p r e s s u r i z a t i o n  less of a problem 
than  wi thout  them. 

These b a f f l e s  aga in  worsen the 

It furthermore can be seen t h a t  the masses of t h e  mechanical model 
mn have t o  be a t tached  c l o s e  t o  the  f r e e  f l u i d  su r face .  This i s  even 
more t r u e  f o r  those of higher  s lo sh ing  modes. The d i s tu rbances  due t o  
higher  s losh ing  modes s t a y  very  c l o s e  t o  the  f r e e  s u r f a c e ,  and do not  
p e n e t r a t e  f a r  i n t o  the  l i q u i d ,  With decreas ing  f l u i d  h e i g h t ,  t he  masses, 
mn, approach the  cen te r  of g r a v i t y  of the  l i q u i d  (hn 30). 
now introduced by adding t o  the  masses, mn, dampers a t t ached  t o  t h e  tank 
w a l l  and having a damping c o e f f i c i e n t  of  cn/2.  
connected through a damper w i t h  the  tank bottom. 
dashpots  (cn)  are obtained by s losh ing  experiments ,  wh i l e  t h e  va lue  of 
t he  dashpot (cl, and 11) i s  found by sp r ing  t o r s i o n  tes t s  of a completely 
f i l l e d  and closed tank. Usually c1 i s  so small t h a t  i t  can be neglec ted .  
For 11, one can take  then the  va lue  [ 4 ] ,  as obta ined  from a n a l y t i c a l  
t reatment  wi th  i d e a l  l i q u i d  [ 5 ] .  

Damping i s  

Also,  t h e  d i s c  i s  
The va lues  of the  

The model desc r ib ing  the  motion of the  l i q u i d  due t o  r o l l  
o s c i l l a t i o n s  about an  a x i s  p a r a l l e l  t o  the  tanks  can be obta ined  w i t h  
the  same model and i s  shown i n  FIGURE 9. The motion of  t he  p r o p e l l a n t  
i n  t h e  four  fue l  and four  LOX tanks i s  descr ibed  by one mechanical model. 
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FIGURE 9. (U) ROLL SLOSH MODEL 

I n  r o l l  motion, the  inf luence  of the c e n t e r  tank,  about which a x i s  t h e  
motion t akes  p l ace ,  can be neglected [6]. The moment of  i n e r t i a  of t h e  
l i q u i d  p a r t i c i p a t i n g  i n  the  r o l l  o s c i l l a t i o n  due t o  w a l l  f r i c t i o n  drops 
ve ry  r a p i d l y  w i t h  inc reas ing  frequency t o  zero and can be neglec ted ,  
The r o l l  damping, of course,  increases  wi th  inc reas ing  r o l l  e x c i t i n g  
frequency. 

It can now be concluded t h a t  c l u s t e r i n g  of t he  tanks i s  b e n e f i c i a l  
from t h e  s tandpoin t  of p rope l l an t  s loshing.  The combined s losh ing  
masses of boos te r  tanks a r e  only a f r a c t i o n  of t h a t  of two b i g  diameter 
tandem tanks ,  For con ta ine r s  of the same diameter ,  t he  frequency of 
t h e  l i qu ids , ,  compared t o  t h a t  of a s i n g l e  tank,  i s  increased  by the  
f o u r t h  r o o t  of the  number of conta iners .  The t o t a l  s losh ing  mass reduces 
l i k e  t h e  r e c i p r o c a l  square roo t  of  t he  con ta ine r  number. For s i m p l e  
s t a b i l i t y  i n v e s t i g a t i o n s ,  a s impl i f i ed  system could t h e r e f o r e  be t r e a t e d ,  
which cons iders  t he  p rope l l an t  o s c i l l a t i o n  being descr ibed  by only  one 
mechanicai modei naving the mass of the coiiklned s l z ~ h i n g  ~ B S S P S  nf the 
p r o p e l l a n t  i n  the  c l u s t e r e d  tanks.  

C. (U) U-TUBE EFFECT 

C l u s t e r i n g  of tanks ,  however, r e q u i r e s  in te rconnec t ion  of t he  tanks  
f o r  t h e  exchange of p rope l l an t  should an engine f a i l .  This in t roduces  
a n  a d d i t i o n a l  complicat ion;  a new U-tube mode. For tuna te ly ,  t h e  
f requency of t h i s  mode i s  very  low; i t  i s  a l s o  s t rong ly  damped by the  
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s m a l l  in te rconnec t ing  pipe diameter .  For two tanks of d i f f e r e n t  
diameters  connected by a p i p e l i n e  of small diameter ,  i n  which laminar 
flow w a s  assumed, the  n a t u r a l  frequency and the  logar i thmic  decrement 
were determined. The governing d i f f e r e n t i a l  equat ion  f o r  the  d i sp lace -  
ment, 21, i n  the  l a rge  tank wi th  r a d i u s ,  R1, i s  nonl inear  and w a s  solved 
w i t h  the  pe r tu rba t ion  method. From the s o l u t i o n  shown i n  FIGURE 10,  i t  
can be seen t h a t  the  n a t u r a l  frequency i s  very  small and t h a t ,  w i t h  
inc reas ing  long i tud ina l  a c c e l e r a t i o n  of the  v e h i c l e  ( i . e . ,  w i th  
inc reas ing  f l i g h t  t ime) ,  the  frequency increases  s l i g h t l y .  The growth 

TANK SYSTEM 

FIGURE 10. (U) U-TUBE TANK SYSTEM 

of the  frequency i s  only s l i g h t ,  because t h e  dec reas ing  p r o p e l l a n t  h e i g h t ,  
h ,  p a r t l y  cancels  t he  e f f e c t  of t h e  a c c e l e r a t i o n ,  g. The logar i thmic  
decrement decreases  versus  f l i g h t  t i m e ,  thus  i n d i c a t i n g  t h a t  U-tube 
o s c i l l a t i o n s  are l i k e l y  t o  occur a t  a l a t e r  f l i g h t  t i m e .  However, t he  
o s c i l l a t i o n s  a r e  s t rong ly  damped due t o  t u r b u l e n t  flow i n  the  connect ing 
small diameter p i p e l i n e  and b a f f l e s  i n  the  tanks  [ 7 1 .  
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D. (U) EXPERIMENTAL RESULTS 

As a l ready  mentioned, t he  damping of the  p rope l l an t  has  t o  be 
obtained by experiments. The s i z e  of t h e  Saturn,  however, i s  such 
t h a t  f u l l - s c a l e  t e s t s  would be t i m e  consuming and too expensive. There- 
f o r e ,  small labora tory  models t o  s i m u l a t e  t he  l i q u i d  motion a r e  used: 

1. For the  determinat ion of approximate va lues  f o r  the  
equiva len t  damping of t he  l i qu id .  

2. For the  i n v e s t i g a t i o n  of t,he e f f e c t i v e n e s s  of var ious  
damping devices ,  t h e i r  width,  l oca t ion ,  and geometry. 

3 .  For the  i n v e s t i g a t i o n  of the e f f e c t  of va r ious  parameters, such 
as v i s c o s i t y ,  l ong i tud ina l  acce le ra t ion ,  e x c i t i n g  amplitude,  and tank 
geometry. 

The damping c h a r a c t e r i s t i c s  of var ious  damping devices  are of 
p a r t i c u l a r  importance, e s p e c i a l l y  the e f f e c t  of t h e i r  conf igu ra t ion ,  
width,  and loca t ion .  Since f u l l - s c a l e  t e s t s  a r e  expensive,  and i n  
many cases  not  poss ib l e ,  model t e s t s  a r e  performed. Proper a t t e n t i o n ,  
however, must be given t o  the s imi l i t ude  r e l a t i o n ;  thus  the  model and 
the  tes t  l i q u i d  must be se l ec t ed  t o  in su re  dynamic s i m i l a r i t y  wi th  the  
l i q u i d  p rope l l an t s  employed i n  the  prototype v e h i c l e  [ 81. 

The r e s u l t  of t h i s  ana lys i s  can be seen i n  FIGURE 11. For inc reas ing  
equiva len t  Reynolds number, t he  damping decreases .  This i n d i c a t e s  t h a t ,  
f o r  i nc reas ing  a c c e l e r a t i o n ,  the  e f f i c i e n c y  of t he  damping devices  
decreases ,  Furthermore, i t  shows the loss of e f f e c t i v e n e s s  of a c e r t a i n  
b a f f l e  wi th  increas ing  tank diameters.  

A b a f f l e  should be loca ted  where the  h ighes t  flow v e l o c i t y  appears;  
i t s  d i r e c t i o n  should be perpendicular  t o  the  f low-veloci ty  vec tor .  For 
an annular  r i n g  b a f f l e ,  th i s  loca t ion  would be a t  t h e  tank w a l l  where 
maximum upward and downward v e l o c i t y  occurs .  For des ign  reasons ,  t h i s  
type of  b a f f l e  i s  usua l ly  appl ied.  A b a f f l e  loca ted  i n  the  f r e e - f l u i d  
s u r f a c e  would have the maximum damping e f f e c t  i f  t he  amplitudes were 
i n f i n i t e l y  small. For f i n i t e  amplitudes,  however, t he  e f f i c i e n c y  of 
t h i s  b a f f l e  decreases  considerably,  s i n c e  h a l f  of t he  b a f f l e  i s  always 
o u t s i d e  the  l i q u i d .  The proper depth or' tile baffle below the free- 
f l u i d  su r face  i s  dependent upon sur face  amplitude and tank form. Also 
t he  wid th  of t he  b a f f l e  in f luences  damping. For moderate ampli tudes,  
t h e  b a f f l e s  should be loca ted  a t  a d i s t a n c e  of about 0.08 r a d i u s  under 
t h e  f r e e - f l u i d  su r face  [ 9 ]  f o r  maximum e f f i c i e n c y  (FIG. 12). Furthermore, 
t he  e f f i c i e n c y  of  the  b a f f l e  drops very  f a s t  w i th  increas ing  depth ,  
i n d i c a t i n g  t h a t ,  fo r  a changing l i qu id  l e v e l ,  another  b a f f l e  should be 
l o c a t e d  a t  a d i s t ance  from the  f i r s t  b a f f l e ,  so t h a t  t he  loss of e f f i c i e n c y  
of t h e  f i r s t  b a f f l e  i s  made up by the  second, e t c .  Therefore ,  p l ac ing  
b a f f l e s  0.2 r ad ius  a p a r t  ( i n s t ead  of 0.4 r a d i u s  as shown i n  FIGURE 13 
should provide a r e l a t i v e l y  constant  damping f a c t o r .  
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FIGURE 11. ( U )  INFLUENCE OF ACCELERATION, V I S C O S I T Y ,  AND 
TANK DIAMETER ON THE SLOSH DAMPING FACTOR 
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FIGURE 12. (U) VARIATION O F  THE DAMPING FACTOR WITH BAFFLE LOCATION 
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FIGURE 13. (U) DAMPING FACTOR VERSUS PROPELLANT SURFACE 
FOR VARIOUS CONIC BAFFLES 

E. (U) VORTEX PREVENTION I N  THE TANKS. 

Another problem i s  the  formation of a v o r t e x  i n  emptying tanks 
because i t  reduces the  p rope l l an t  flow r a t e  due t o  the  r educ t ion  of  the  
e f f e c t i v e  c r o s s  s e c t i o n  of  the d ra in  o u t l e t  and can lead  t o  pump 
c a v i t a t i o n  toward the  end of f l i g h t  t i m e .  This  i n d i c a t e s  t h a t  excess  
p r o p e l l a n t  must be c a r r i e d  and t h a t  a t  cu tof f  a l a r g e  r e s idue  remains 
unused i n  the  tanks.  This r e s idua l  p rope l l an t  can be i n  apprec iab le  
amounts thus  reducing the  performance of t he  veh ic l e .  Comparatively 
l i t t l e  i s  known about v o r t e x  formation because of  t h e  d i f f i c u l t i e s  i n  
ana ly t i ca l .  t rea tment ,  Therefore ,  most of  t he  work i s  of a q u a l i t a t i v e  
n a t u r e  and i s  based on v i s u a l  o r  photographic s t u d i e s .  The formation 
of  a vo r t ex  dur ing  d ra in ing  of  the tank depends upon the  amount of 
i n i t i a l  r o t a t i o n  of t he  l i q u i d  and t h e  f l u i d  he ight .  There are,  
f o r t u n a t e l y ,  a number of f a c t o r s  which he lp  prevent  the v o r t e x  
-- formatinn, --__- - - - F i r s t ,  s lo sh ing  i t s e l f  tends t o  break up the  su r face  and 
moves the  l i q u i d  ac ross  the  tank,  thus  d i s t u r b i n g  the  vor tex .  Second, 
t h e  b a f f l e s ,  which he lp  prevent  the r e g u l a r  s lo sh ing ,  he lp  create some 
d i s t u r b a n c e ,  and t h i r d ,  t he  app l i ca t ion  of an t i -vo r t ex  b a f f l e s  such as 
a c r o s s  a t  t h e  d r a i n  o u t l e t  and a f l a t  p l a t e  above the  o u t l e t .  The 
l a t t e r  one fo rces  t h e  vo r t ex  around i t s  su r face ,  thus  prevent ing i t s  
formation i n  f u l l  magnitude, while  t h e  f i r s t  one prevents  r o t a t i o n .  

A series of model t es t s  have been performed t o  f ind  ou t  which 
dev ice  would b e s t  prevent  vor tex ing  even wi th  p r e r o t a t i o n  of  t he  



16 

l i q u i d .  This device ,  c o n s i s t i n g  of s e x p a r t i t e  c r o s s  wi th  a 20-mesh 
Screen of hemispherical  s lope  on top ,  w a s  mounted i n  the  d ischarge  
1 ine  . 

During t e s t s ,  i t  was de tec ted  t h a t ,  due t o  the  in t e rconnec t ion  of 
tanks ,  a surge problem occurred i n  the  ou te r  tanks ,  which w a s  caused by 
the  flow from the  in te rconnec t ing  l i n e  from the  cen te r  tank.  This 
behavior w a s  remedied by e longat ing  the suc t ion  l i n e  i n t o  the  f u e l  tank 
and pu t t ing  a "Chinese H a t "  above the  o u t l e t  of t h i s  p i p e .  

L I Q U I D  LEVEL 

20 MESH SCREEN 

SEXPARTITE CROSS 

\ DISCHARGE LINE 
INTERCONNECTING LINE 

FIGURE 14. (LJ) ANTI-VORTEX DEVICE AND "CHINESE HAT" FOR THE 
PREVENTION OF THE SURGE PROBLEM 

F. (U) SIMPLIFIED STABILITY BOUNDARIES. 

To e f f i c i e n t l y  s tudy t h e  in f luence  of t h e  p r o p e l l a n t  s lo sh ing  
upon t h e  s t a b i l i t y  of the  v e h i c l e  and s t i l l  i n d i c a t e  proper t r e n d s ,  the  
s lo sh ing  i n  the  boos te r  tanks i s  descr ibed  by one mechanical model. Very 
use fu l  general  r e s u l t s  can be obta ined  from these  s i m p l i f i e d  s t a b i l i t y  
inves t iga t ions .  Due t o  the  low bending frequency,  t he  in f luence  o f  the  
e l a s t i c  behavior mus t  be taken i n t o  cons ide ra t ion .  A paramet r ic  s tudy 
i n v e s t i g a t e s  the  p o s s i b i l i t y  of e l i m i n a t i n g  i n s t a b i l i t i e s  due t o  p rope l l an t  
motion i n  the tanks of the  v e h i c l e .  There a r e  s e v e r a l  methods t o  
e l imina te  the e f f e c t  of the p r o p e l l a n t  s lo sh ing  upon t h e  s t a b i l i t y  t o  a 
g r e a t  ex ten t ,  Some methods are: 

1. Tank geometry 
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2. Tank l o c a t i o n  

3 .  Choice of the c o n t r o l  system 

4 .  In t roduc t ion  of mechanical b a f f l e s  

The inf luence  of tank geometry, i . e . ,  t h e  c l u s t e r e d  tanks i n  the  case  
o f -  t h e  SA-1 v e h i c l e ,  has a l r eady  been mentioned as being b e n e f i c i a l ,  
s ince  i t  reduced the  s losh ing  mass and increased t h e  n a t u r a l  frequency 
of the  l i q u i d .  The tank loca t ions  a re  usua l ly  given and can only  be 
exchanged wi th  o the r  tanks.  An exchange of heavy l i q u i d  oxygen wi th  
l i g h t  l i q u i d  hydrogen can r e s u l t  i n  b e t t e r  s t a b i l i t y .  I n  the SA-1, 
t he  tank l o c a t i o n s  were given. A t h i r d  means of suppressing the  c o n t r o l  
hazard due t o  p rope l l an t  s lo sh ing  i s  rhe p r u p e i  selection of t h z  t y p e ,  
l o c a t i o n ,  ga in  va lues ,  and v i b r a t i o n a l  c h a r a c t e r i s t i c  of the  c o n t r o l  
sensors .  Since b a f f l e s  mean an  a d d i t i o n a l  weight pena l ty ,  they are 
employed only a s  a l a s t  r e s o r t .  The inf luence  of t h e  va r ious  parameters 
i s  expressed by s t a b i l i t y  boundaries,  which are determined i n  terms of 
t he  amount of damping of t he  propel lan t  i n  the  tank r equ i r ed  f o r  va r ious  
tank l o c a t i o n s  ( s l o s h  mass loca t ion ) .  It w a s  found [ 1 0 ] t h a t  the  c o n t r o l  
frequency should be below the  s losh ing  frequency t o  avoid unnecessary 
b o t t l i n g  i n  the  tanks (FIG. 15) .  

STABILITY BOUNDARY FOR RIGID SPACECRAFT 
(NO ADDITIONAL CONTROL) 

I 

POSITION GlRO 

FIGURE 15. ( U )  STABILITY BOUNDARY FOR R I G I D  SPACECRAFT 
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The danger zone where i n s t a b i l i t y  due t o  p rope l l an t  s lo sh ing ,  may occur ,  
i f  not  properly damped, l i e s  between the  cen te r  o f  g r a v i t y  and the  c e n t e r  
of instantaneous r o t a t i o n  and can be enlarged e s p e c i a l l y  toward the  
r e a r  of the v e h i c l e  by the  e l a s t i c  behavior of the  v e h i c l e  [ l l] .  
demands more and s t ronger  b a f f l i n g .  The change of t he  c o n t r o l  damping, 
Cc , e x h i b i t s  the  following t rend:  For inc reas ing  s u b c r i t i c a l  c o n t r o l  
damping ( C c  < l ) ,  the  s t a b i l i t y  decreases  i n  the  danger zone; i . e . ,  
more damping has t o  be introduced t o  maintain s t a b i l i t y .  For inc reas ing  
s u p e r - c r i t i c a l  c o n t r o l  damping (5, > l ) ,  the  s t a b i l i t y  inc reases .  From 
these  cons idera t ions  i t  i s  concluded t h a t  the  Sa turn  boos te r  tanks should 
be b a f f l e d  wi th  pe r fo ra t ed  accordion b a f f l e s  i n  the  upper h a l f  (FIG. 16) .  
Due t o  the  lower n a t u r a l  frequency of t he  p rope l l an t  i n  the  inner  tanks ,  
a damping i n  t h i s  tank should be maintained during the  complete f l i g h t  
t i m e .  The cen te r  tank ,  t he re fo re ,  was b a f f l e d  along i t s  e n t i r e  l eng th  
w i t h  accordion b a f f l e s  (FIG. 17) .  

This  
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BAFFLING OF 70" LOX ANO FUEL TANKS 

FIGURE 16. ( U )  BAFFLING OF OUTER CONTAINERS 

G. (C) OVER-ALL FEEDBACK ANALYSIS. 

It i s  assumed t h a t  t he  motion of  t h e  SA-1 v e h i c l e  can be 
descr ibed  by the  supe rpos i t i on  of a f i n i t e  number of  pre-assigned mode 
shapes together  wi th  the  t r a n s l a t i o n ,  r o l l i n g ,  and p i t c h i n g  of t he  
a i r f rame of the veh ic l e .  The motion of  t h e  engine r e l a t i v e  t o  t h e  
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- TANK CROSS SECTION 
q M W l W .  RAFFLES 

FIGURE 1 7 .  (U) BAFFLING OF CENTER CONTAINER 

i n e r t i a l  system and the  motion of t he  p r o p e l l a n t ,  being descr ibed  by 
the  mechanical model, a r e  a l s o  considered. Three models were used t o  
desc r ibe  the  motion of t he  propel lan t :  One model f o r  the LOX i n  the  
c e n t e r  tank and one model each fo r  the  four  f u e l  o u t e r  tanks and four  
LOX ou te r  tanks.  The s losh ing  masses ve r sus  f l i g h t  time are given i n  
FIGURE 18. It can be seen t h a t  the  s losh ing  mass r a t i o  inc reases  with 
f l i g h t  t i m e .  

t 0.028 

10s'' wx SA-I 
70' FUEL SA-1 

I I I I I I 
0 20 40 60 BO (00 120 140 

FLlCM TIEe IN SECONDS 

FIGURE 18. (U) RATIO OF SLOSHING MASS TO TOTAL VEHICLE 
MASS VERSUS FLIGHT TIME 
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The absolu te  s lo sh ing  mass s t a y s  cons tan t  dur ing  most of  t he  
f l i g h t  time and decreases  a t  t h e  end of t he  burning t i m e  due t o  the  
change of  the  tank diameter .  

The compliance of the  swivel engines ,  i . e . ,  the  d i f f e r e n c e  
(f3, - BE) between the  a c t u a l  d e f l e c t i o n  angle ,  BE; and the  c o n t r o l  
s i g n a l ,  Pc, i s  a l s o  introduced. Af te r  t he  de te rmina t ion  of  t h e  k i n e t i c  
and p o t e n t i a l  energy, as we l l  as the  d i s s i p a t i o n  func t ion  and the  
r e a c t i o n  moments i n  the  gimbaling p o i n t s  of t he  engines ,  t h e  equat ions  
of motion can be found applying the  Lagrange equat ion  i n  a modified 
form f o r  the va r ious  genera l ized  coord ina tes .  The genera l ized  f o r c e s  
r e s u l t  from t h r u s t ,  aerodynamic fo rces ,  and drag ,  and even fo rces  of 
t he  flowing p rope l l an t .  The c o n t r o l  system of SA-1 cons i s t ed  of  an 
a t t i t u d e  channel w i t h  a d i f f e r e n t i a t i n g  ( l ead )  network t o  provide 
s u f f i c i e n t  damping f o r  the  s t a b i l i z a t i o n  of t he  system. I n  a d d i t i o n  
t o  t h i s ,  l o c a l  angle-of -a t tack  meter c o n t r o l  was used. 

The t h e o r e t i c a l  a n a l y s i s  c o n s i s t s  now i n  so lv ing  t h i s  system of  
d i f f e r e n t i a l  equat ions  under the  assumption of a time dependency, est ,  
of a l l  genera l ized  coord ina tes .  This  provides  us  w i t h  the  r o o t s  
s = (I + i w  of t he  system, some of  which are s t a b l e  and some uns tab le .  
In t roducing  now a d e l i b e r a t e  var iab le-phase  angle  permi ts  the  determi-  
na t ion  of optimum s t a b i l i t y ;  performing t h i s  f o r  t he  va r ious  modes and 
f l i g h t  times r e s u l t s  i n  a phase requirement t h a t  has  t o  be m e t  by t h e  
hardware design of  shaping network. A f a i r  r e p r e s e n t a t i o n  of t he  
optimum network was used i n  the  f l i g h t .  

It was found t h a t  t he  r o o t s  connected w i t h  the  p r o p e l l a n t  were 
s t a b l e  w i t h  the  introduced b a f f l e s  (FIG, 19 and 20). Since the  
accordion b a f f l e s  provide a damping f a c t o r  between 0.05 5 5 0.06, 
the  s losh ing  r o o t s  i n  the  cen te r  tanks e x h i b i t  good s t a b i l i t y ,  The 
same can be observed i n  the  o u t e r  tanks.  The d i s c o n t i n u i t y  i n  the  
r o o t s  a t  90 seconds f l i g h t  time i s  due t o  a c a p a c i t o r  swi tch ing ,  which 
b r ings  the  con t ro l  damping back t o  i t s  nominal va lue  of sc 0 .7 ,  t hus  
increas ing  the s t a b i l i t y .  The s t a b i l i t y  i n  the  o u t e r  tanks becomes 
marginal ,  s ince  a t  the  end of powered f l i g h t  t i m e ,  t h e  damping va lue  
of the  s l o s h  damping f a c t o r  v a r i e s  between 0.01 and 0.03, depending, 
of  course ,  upon the  l o c a t i o n  of the s t i f f e n e r  r i n g s  w i t h  r e s p e c t  t o  
the  f r e e - f l u i d  sur face .  

The roo t s  due t o  s lo sh ing  p rope l l an t  i n  r o l l  were a l l  s t a b l e  wi th  
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FIGURE 19. (U) ROOTS OF THE PROPELLANT I N  THE CENTER TANK FOR 
VARIOUS SLOSH DAMPING FACTORS ( P I T C H  AND YAW) 
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FIGURE 20. (U) ROOTS OF THE PROPELLANT I N  THE OUTER TANKS FOR 
VARIOUS SLOSH DAMPING FACTORS ( P I T C H  AND YAW) 
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H. (C) FLIGHT RESULTS. 

Pressure  d i f f e r e n c e  s l o s h i n g  measurements have been performed 
w i t h  potentiometer-type d i f f e r e n t i a l  t r ansduce r s  i n  t h r e e  o f  t h e  n i n e  
tanks. The cen te r  tank, one f u e l  tank, and one LOX o u t e r  tank, were 
equipped wi th  measuring devices. The range of t h e s e  measurements was 
exceeded a t  109 seconds a f t e r  l i f t o f f .  

Right a f t e r  l i f t o f f ,  a s m a l l  r o l l  o s c i l l a t i o n  occurred, but was 
completely damped o u t  a f t e r  f i v e  seconds. 
damping i s  provided so t h a t  t h e  p r o p e l l a n t  i n  t h e  tanks does n o t  f u r t h e r  
i n c r e a s e  t h e  r o l l  amplitude by p r o p e l l a n t  sloshing. 
enough lead  i n  t h e  r o l l  loop i s  provided f o r  s t a b i l i t y .  
a t  about 0.8 c p s  (o ld  f i l t e r ) .  

A t  t h a t  f l i g h t  t i m e ,  enough 

Furthermore, 
See FIGURE 21 

FIGURE 21.  (U)  FILTER RESPONSE CURVES OF THE LEAD NETWORK I N  ROLL 

I n  p i t c h  and yaw, no i n s t a b i l i t y  occurred  due t o  s l o s h i n g  
p r o p e l l a n t  u n t i l  94 seconds f l i g h t  t i m e .  
o s c i l l a t i o n  with inc reas ing  amplitude occurred  a f t e r  t h e  p r o p e l l a n t  
l e v e l  passed below t h e  l a s t  ba f f l e .  

tJ = 0.06 provided by t h e  accordion b a f f l e s  drops down t o  t h e  smooth 
wal l  va lue  of tJ = 0.005 t o  0.01. 

I n  t h e  c e n t e r  tank, an 

Here t h e  damping f a c t o r  o f  

The t h e o r e t i c a l  a n a l y s i s  (FIG. 19) 



shows t h a t  fo r  a p rope l l an t  damping f a c t o r  between - 0.005 and 
f = 0.01 i n s t a b i l i t y  occurs  between 86 and about 104 seconds f l i g h t  t i m e ,  
This s l i g h t  i n s t a b i l i t y ,  however, is harmless from the  dynamic s tand-  
poin t .  It w i l l ,  un fo r tuna te ly ,  aggravate the  p r e s s u r i z a t i o n  of the  LOX 
tank and can a l s o  lead  t o  premature c u t o f f ,  

A t  about 90 seconds f l i g h t  time, a d ivergent  r o l l  o s c i l l a t i o n  wi th  
an  average frequency of about 1.5 cps was exc i t ed  by the  p rope l l an t  
s losh ing  i n  r o l l .  Due t o  the  r e l a t i v e l y  long l eve r  arm (FIG, 9)  of t he  
s losh ing  masses from the  cen te r - l i ne  of t he  v e h i c l e ,  t he  torque on the  
v e h i c l e  i s  considerable .  This i n s t a b i l i t y  was e s s e n t i a l l y  the  r e s u l t  
of an incompat ib i l i ty  of t he  f i l t e r  network i n  the  r o l l  con t ro l  loop. 
The o r i g i n a l  design of t he  r o l l  con t ro l  f i l t e r ,  however, was thoroughly 
inves t iga t ed  wi th  r e spec t  t o  propei ianc siosiiiiig and "as found tc main -  
t a i n  s t a b i l i t y  fo r  the  veh ic l e .  La ter ,  u n c e r t a i n t i e s  i n  the  t o r s i o n a l  
model a rose  from the  comparison of t e s t  r e s u l t s  from the  SA-D dynamic 
t e s t s  w i th  the  t h e o r e t i c a l  va lues .  Two c lose  t o r s i o n  f requencies  appeared, 
one of which could not be pred ic ted  by t h e o r e t i c a l  means. A s  a r e s u l t ,  
a las t -minute  change introduced a s t ronger  a t t e n u a t i o n  appl ied  a l ready  
a t  a smaller  frequency, which a l s o  r e s u l t e d  i n  a s t ronger  phase lag.  This 
covered the  u n c e r t a i n t i e s  w i th  r e spec t  t o  the  t o r s i o n a l  modes, thus 
s t a b i l i z i n g  a l l  t o r s i o n a l  modes by a t t e n u a t i o n  s t a b i l i z a t i o n .  FIGURE 21 
e x h i b i t s  the  response curves of the lead  network f i l t e r .  The dashed l i n e s  
a r e  the  amplitude and phase of the  changed f i l t e r .  It can be seen t h a t ,  
t o  accomplish t h i s  a t t e n u a t i o n  a t  4 cps and above, t he re  appears  an  
inherent  phase l a g  i n  the  loop, This phase l a g  c ros ses  the  frequency 
a x i s  a t  about 1.5 cps and l eads  t o  t he  s losh ing  i n s t a b i l i t y .  A t  f l i g h t  
t i m e  between 90 seconds and 100 seconds, t he  n a t u r a l  frequency i n  the  
o u t e r  tanks i s  about 1.4 cps. Time d id  not  permit a s tudy of t he  in-  
f luence  of t h i s  change upon s loshing.  A t  102.8 seconds,  t he  motion i n  
t h e  tanks changed from a l i n e a r  t o  a r o t a r y  motion, which continued 
u n t i l  t he  loss of the  measurements. The s losh ing  i n  the  tanks and 
probably the  r o t a r y  motion of t he  l i q u i d  i n  the  con ta ine r s  cont r ibu ted  
about one-half t o  the  premature cutoff  of 1.61 seconds of t he  inner  
engines  [12] .  The cu tof f  sensor ,  which t r igge red  the  e a r l i e r  c u t o f f ,  
was loca ted  i n  a f u e l  tank a t  about 19.5 inches from the  cen te r  of t h i s  
tank.  The s losh ing  amplitude of about 5 inches w a s  necessary t o  give the  
s i g n a l  f o r  c u t o f f .  After  cu to f f  of t he  inner  engines ,  the  p rope l l an t  
s lo sh ing  died immediately, s ince  i t s  n a t u r a l  frequency w a s  due t o  h a l f  

f i r s t  n a t u r a l  frequency i n  the  outer  tanks dropped from 1.4 cps t o  about 
1.0 cps a t  which the  f i l t e r  provided enough lead  f o r  s t a b i l i t y .  

t h e  long i tud ina i  a c c e i e r a t i o u  ----l----,a L ~ U U L ~ ~  L-. uy  - F-nfnr  LUCCI- cf )(2; Thiis: the  

The r o t a t i o n a l  type of l i qu id  motion appears during the  r egu la r  
s l o s h i n g  a s  soon as the  fo rc ing  frequency approaches the  resonance 
frequency of t he  l i q u i d .  It i s  probably b e s t  descr ibed  as an apparent 
" ro t a t ion"  of t he  l i q u i d  about i t s  v e r t i c a l  axis of symmetry; i . e . ,  
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t h e  nodal l i n e  of  t he  f r ee - f lu id  su r face  i s  r o t a t i n g  about t he  longi -  
t u d i n a l  axis .  The motion i s  similar t o  t h a t  of a s p h e r i c a l  pendulum, 
t h e  suspension po in t  of which i s  exc i t ed  a t  a c e r t a i n  frequency, It 
may be noted t h a t  t h a t  t h i s  type of motion a l s o  appears  i n  a r ec t angu la r  
tank. The motion is  even more complicated s i n c e  a type of "beating" 
a l s o  seems t o  e x i s t ;  i .e. ,  near s l o s h  resonance, t he  nodal l i n e  of  t he  
f r e e - f l u i d  su r face  s t a r t s  t o  r o t a t e  i n  a c e r t a i n  d i r e c t i o n ,  reaches  a 
maximum, decreases  u n t i l  i t  i s  a t  res t ,  and then r eve r ses  i t s  d i r e c t i o n  
of r o t a t i o n ,  and so on,  a l t e r n a t e l y .  The b a f f l e s  used f o r  t h e  suppress ion  
of the  r e g u l a r  s lo sh ing  motion a l s o  g r e a t l y  he lp  t o  prevent  t h i s  type of  
r o t  a t  ion.  

I n  FIGURES 22 and 23, the  r o o t s  of t he  p rope l l an t  i n  the  o u t e r  tanks 
are given ( f o r  t h e  f i l t e r  used i n  f l i g h t )  f o r  va r ious  p rope l l an t  s l o s h  
damping f ac to r s .  It can be seen t h a t  t h e  r o o t s  corresponding t o  the  
p rope l l an t  motion ou t  of phase wi th  the  e x c i t a t i o n  are a l l  s t a b l e  w i t h  
w a l l  f r i c t i o n ,  whi le  those wherein the  p r o p e l l a n t  motion is  i n  phase w i t h  
t h e ' e x c i t a t i o n  are a t  the end of powered f l i g h t  time very  i n s t a b l e .  The 
va lue  of the  damping f a c t o r ,  of course ,  v a r i e s  between 5 = 0.005 and 
r( = 0.02, depending on the  l o c a t i o n  of t he  s t i f f e n e r  r i n g s  i n  the  tanks.  
I n  t h e  f u e l  tanks ,  the  l a s t  s t i f f e n e r  r i n g  w a s  l oca t ed  where t h e  propel-  
l a n t  sur face  passed through a t  about 100 seconds. From FIGURE 13, it can 
be seen t h a t  the  damping f a c t o r  decreases  very  r a p i d l y  w i t h  inc reas ing  
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depth  of t he  b a f f l e  below the f r e e  p rope l l an t  sur face .  It, fur thermore,  
e x h i b i t s  t h a t ,  a f t e r  t h e  l i q u i d  sur face  passed through i t s  optimum 
p o s i t i o n  w i t h  respect t o  the  b a f f l e s  damping f a c t o r ,  t h e  e f f i c i e n c y  of 
t he  b a f f l e  decreases  considerably.  Telemeter measurements i nd ica t ed  
c l e a r l y  t h a t ,  s h o r t l y  before  t h e  s t i f f e n e r  r i n g  l e f t  t he  free p rope l l an t  
s u r f a c e ,  t h e  s lo sh ing  amplitude increased considerably.  I n  FIGURE 23, 
i t  can be seen t h a t ,  f o r  a p rope l l an t  damping f a c t o r  of about 5 = 0.01, 
i n s t a b i l i t y  occurs  a t  about 95 seconds. This i n s t a b i l i t y  inc reases  wi th  
inc reas ing  f l i g h t  t i m e .  This i s  i n  agreement wi th  the  a c t u a l  f l i g h t  
r e s u l t s .  

SECTION IV.  (C) CONCLUSION 

For reasons of  s losh ing  s t a b i l i t y  a t  t he  end of the  powered f l i g h t  
or' f u t u r e  Siitiiri-i vehicles,  it VZP decided tn Snclude a set  of accordion 
b a f f l e s  f o r  a l l  remaining Block I v e h i c l e s  covering the  l a s t  t h r e e  
s t i f f e n e r  r i n g s  i n  the  LOX tank and a set  of t h r e e  accordion b a f f l e s  
cover ing  the  las t  t h r e e  r i n g s  i n  the f u e l  tank. This  could be s u f f i c i e n t  
t o  ma in ta in  appropr i a t e  s t a b i l i t y  up t o  the  powered f l i g h t  t i m e  of about 
102 seconds. From t h a t  t i m e  on,  only w a l l  f r i c t i o n  i s  a v a i l a b l e  and 
s l o s h i n g ,  t h e r e f o r e ,  could b u i l d  up t o  c r e a t e  aga in  i n s t a b i l i t y  of the  
v e h i c l e .  Furthermore,  the  formation of a vo r t ex  and e s p e c i a l l y  t h e  
r o t a r y  motion of t h e  p rope l l an t  can be exc i t ed  dur ing  the  l a s t  few 
seconds of powered f l i g h t  t i m e .  Espec ia l ly ,  f o r  l a t e r  v e h i c l e s ,  where 
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a sepa ra t ion  procedure fol lows a f t e r  c u t o f f ,  t he  s t a b i l i t y  of t h e  
v e h i c l e  i n  these  last  seconds of f i r s t  s t a g e  powered f l i g h t  i s  of g r e a t  
importance. These e f f e c t s  can be prevented and the  r e g u l a r  s lo sh ing  i n  
t h e  lower part of t he  tanks can be suppressed by the  a p p l i c a t i o n  of a 
c r o s s  device a t  the  tank bottom. This device  would prevent  v o r t e x  
formation as  w e l l  as t h e  r o t a r y  motion of t he  l i q u i d .  This would prevent  
premature cu to f f .  It furthermore would inc rease  t h e  n a t u r a l  frequency 
of  t h e  p rope l l an t  by a f a c t o r  of about 1.4 and would a l s o  cons iderably  
decrease  the s lo sh ing  mass, which w i l l  produce the  main e f f e c t  upon t h e  
s t a b i l i t y .  The mass of the  s losh ing  p rope l l an t  w i l l  be reduced by the  
c r o s s  device by more than 50 percent .  
included i n  Block I v e h i c l e s ,  a c r o s s  device  w i l l  be introduced a t  the 
tank bottom i n  Block I1 veh ic l e s .  Furthermore, as ind ica t ed  i n  FIGURE 
23, the  lead network of t he  r o l l  channel should be changed, thus  g iv ing  
b e t t e r  s t a b i l i t y  a t  the  c r i t i c a l  powered f l i g h t  t i m e ,  as i s  ind ica t ed  
by t h e  dot ted  l i n e ,  
t o r s i o n a l  s t a b i l i t y  . 

I n  a d d i t i o n  t o  t h e  b a f f l e s  

This can be performed without  endangering the  
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